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1. Sanple preparation

Solution samples ofazbonmonoxy myoglobin (MbCOlere prepared as followsSperm
whale Mb (swMb) gene was synthesizetlowing a wellestablished protocbwith some
modifications. First, amino acid sequences of swMb were reversely &tmuslby using
optimal genetic codon irE. coli and twentytwo oligonucleotidescontaining 31 i 46
nucleotides in length were synthesized. Subsequently, the restriction enzysmatkifédel

and BamH1lwere insertedat the first and the lastucleotides of eacbligonucleotide.For

each oligonucleotide,ofir hundred picomoles of oligonucleotideere phosphorylated by
using T4 polynucleotide kinase attten ligated with Taq ligaseA full-length swMb gene
was constructed from the ligation pikect by mlymerase cycling assembly (PCA3ing Pfu
polymerase The fultlength gene produced by PCA was amplified by polymerase chain
reaction (PCR). The PCR mixtures contained Pfu polymerase, buffer, dNTPs, the PCA
product, and PFar PR11 oligonucleotids. The PCRamplified DNA and pET1b vector were
cleaved with Ndel and BamH1, and the product was inserted into the vector by ligation. The
sequence mutation was corrected by using-drecied mutagenesis. The pET&wMb
plasmid was inserted to BL21 (DE3Jhe E. coli was grown at 37C in LB broth in the
presence of ampicillin. When the optical density reached 0.4, ITPG was tadtiedculture
broth. The harvested cells in late stationary phase were stdréd &. When used, the cells
were thawed andonicated at 4C in 20mM NaPQ buffer (pH 7.0) containing 156M

NaCl and 3ImM PMSF. The cell debris was removed by centrifugation €@007rpm. The
supernatant was loadedamickel affinity column equilibrated in 26hM NaPQ buffer (pH

7.0) containing 150nM NaCl. The eluted swMb was bubbled by CO gas and dialyzed using
thrombin cleavage buffer (20M Tris-HCI at pH 8.4, 156nM NaCl, and 16mM CaC})

and treated with thrombin at°€ for 3 daydn orderto remove Higag Theresulting swMb
contains three extra residues (&grMet) in the N-terminus compared with the naturally
occurringwild-type swMb.The sample was then applied to the seawokiel affinity column

to remove uncuHis-tag swMb. Thesamplesolutionwasfurther purified bygel permetion
chromatographysing a gel filtration columequilibratedwith 20-mM Tris-HCI buffer (pH

8.0). Subsequentlythe buffer was changed to X8@M NaPQ (pH 7.0)by dialysis The Mb
samplesolution wasconcentrated to 8 mMeducedby adding sodium dithionite (10 miM)
andbubbled by CO gas for 30 mitesso thatMbCO can be formedThe sample solution

was prepared jusbefore the X-ray solution scattering measurement. An aliquot of the
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resulting MbCO solution was transferred intd-anm diameter Xray capillary (Hampton
Research) and immediately sealed with epoxy to minimize gas exchange while CO gas was

purged continuously into the capillary.

2. Data collection

Time-resolved Xray solution scattering data were collected at BieCARS 14ID-B
beamline at the Advanced Photon Source while the storage ring was operated in the standard
top-up mode?’ The electrorbunch fill pattern in this mode has 102 mA in 24 single bunches
with a nominal current of 4.25 mA per bunch and a spacing of 153.4 ns between single
bunches. Xray pulses were generated by passing the electron bunches through two
undulators with 23 and 27 mm periods. Theay spectrum is peaked at 12 keV with a long
wavelength tail and has the bandwidth of ~3 %. To reduce the data acquisition time, the full
spectrum was used without being monochromatized. Dharing effect of tle
polychromaticity with~3 % bandwidth to the scattering curve is not substantial. Thg<00

long (FWHM) X-ray pulse containing ~1® photons was focused by KirkpatriGaez
focusing mirrors, trimmed by slits and delivered to the sample position with a spot size of
0.14x 0.07 mnf (horizontalx vertical, FWHM). Single Xray pulses were isolated from the
high-frequency pulse train by aehtload chopper, a Jilich higgpeed chopper and a
millisecond shutter. The heltad chopper positioned upstream of the rest reduces the heat
load to the higkspeed chopper. The higipeed chopper has a triangeushaped rotor with a
tunnel spinning at +kHz, a subharmonic of the synchrotron, and isolates sing#sy Yulses.

The repetition rate was further reduced from 1 kHz down to typically 40 Hz using a
millisecond shutter to allow long time delays and enough time to move the capillary to a fresh

postion for every pair of laser and-Ky pulses.

The protein sample was excited by -f#8long laser pulseat 532 nm generated
from a picosecond laser system at thdD4B beamline. A picosecond Ti: Sapphire amplifier
(Spectra Physics Spitfire Pro) wasded by femtosecond pulse train at 780 nm generated
from a Ti: Sapphire oscillator (Tsunami). The output from the amplifier was converted to 532
nm by a TOPAS optical parametric amplifier and stretched to ~35 ps by an echeldio pair.
completely eliminatethe polarizationdependentanisotropy in theonedimensionalcurve

obtained by azimuthahtegration® the circularly polarizedlaser pulse of-37€J energy was
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focused to a spot of 0.6 mm by 0.13 mm size at the sample position, yielding an energy
density of 0.6 mJ/mAi> The sample was contained in a sealed capillary-ofri diameter

and excited by a laser pulse from the top. The sample was maintained@uth a cold
nitrogen stream (Oxford Cryostream). Thaa§ pulse transiitted 0.2 mm deep from the top

of the capillary in perpendicular geometithe X-ray pulses scattered by the sample were
collected with a twalimensional Mar165 CCD detector. To reduce the scattering from the air,
a cone filled with helium gas was usedvibetn the sample and the CCD detector. At the
repetition rate of 40 Hz, the exposure time for each image was 20 seconds, corresponding to
800 laser/Xray pulse pairs per image. To avoid radiation damage and provide fresh sample
for each pair of Xray and laer pulses, the capillary containing the sample was translated
back and forth along its long axis over ar@th rangewith the movement synchronized with

the pulse trains of laser andr&ys To ensure that successive pulses in théld@ulse train

excite a fresh portion of the protein solution, the sample was translated by 0.2 mm after each
pump/probe pair.

The laseff images were acquired with the laser pulse arrivieg | at eX- t han
ray pulse in order to probe the (unexcited) ground state while assuring the same average
temperature of the solution. These lagfrimages were used as a reference for calculating
the timeresolved difference Xay scattering patterns. Usually, a desff image was
collected after every 3 or 4 lasen images to compensate for slow drifts of thea)}
intensity in the beamline. To attain enough sigoatoise ratio, about 80 images were
acquired at each time delay. The measured time delaybamially spread evenly in
logarithmic time scale as follows5 ¢ s , 100 ps, 178 ps, 316 ps,
5.62 ns, 10 ns, 17.8 ns, 31.6 ns, 56. 2 ns,
5.62 ¢gs, 10 e€s,2 124h6.,8 1090, €3] . 61 7¢é8s ,e s56.316 ¢s,

ms, 5.62 ms, 10 ms.

3. Data processing

Two-dimensional scattering images were azimuthally averaged to givalimeasional
scattering curves. To convert the scattering ard)léo(q, the centepof-mass position of the
undulator spectrum was used as the reference wavelength. Thenthssd scattering

intensity changes are less than a few percent of the static scattering intensity and thus a
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careful normalization is necessary toragt accurate laseénduced scattering differences. As

a normalization reference, we used theosition of 2.07A"*, which is the isosbestic point of

the water scattering curves with respect to temperature increase, so that the difference
scattering intesity at thisq value is zero. Figure S1 shows thresolvedX-ray solution
scattering dataf MbCO containing solvent heating at all the time deldysFigure S2, the

data at 10 mss presented as an example. At this time delay, the signal af \aluesis
negligible, indicating the absence of the contribution from transiently generated species.
Moreover, the difference curve at 10 man be well represented by a sum of scattering
intensity changes from bulk water arising from the temperature changmsttuat density

(O @&)/OY,) and the density change at constant temperatQr&j(O )1) as shown in Figure

S2, confirming that the difference scattering at late time delays are mainly attributed to
solvent heating. To remove the solvent heating efteéd, signal from solvent heating was

subtracted from the difference curves at all the time delays (see Figure S3).

4. Data analysis
4.1. Singular value decomposition

In order to determine the kinetic model, we need to examine how many distinct transient
species are involved in the dynamic process of interest and how fast the population of each
species changes after photolysisor this purpose, we applied the singular value
decomposition (SVD) analysis and kinetic analysis, which will be detailed in xthaeion,

to our experimental data in tlerange of 0.15 1.0 A'*. From the experimental scattering
curves measured at various time delays, weleald anny x n, matrix A, whereng is the
number ofg points in the scattering curve at a given tidetay point andh; is the number of
time-delay pointsFor the data presented in this papgrndn; are 414 and 33, respectively.
Then, the matriXA can be decomposed while satisfying the relationshiy ®USV', where

U is annyg x ny matrix whose columns are called left singular vec(®®y/s) (i.e. time
independeng spectra) ofA, V is ann; x n; matrix whose columns are called right singular
vectors(rSVs)(i.e. amplitude changes tfas time evolves) oA, andSis an n; x n; diagonal

matrix whose diagonal elements are called singular valuésasfd can possess only ron
negative values. The matricés and V have the properties df'U = I and V'V = Iy,

respectively, wherg, is the identity matrix. Since the diagonal elements (i.e. singular values)
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of S, which represent the weight of left singular vectortljrare ordered so that® ,® ¢é

©O.® 0, (both left and right) singular vect

contributions to the constructed experimental data. In this manner, we can extract the time
independent scattering intensity components from the left singular vectorthartdne
evolution of their amplitudes from the right singular vectdise former, when combined
together, can give the information on the scattering curves of distinct transient species, while
the latter contains the information on the population dyoarof the transient species. Thus,

the SVD analysis provides a modetlependent estimation of the number of structurally

distinguishable species and the dynamics of each species.

As shown in Figure S4, the singular values and autocorrelations of thepmrding
singular vectors suggest that four singular vectors are enough to represent our experimental
data of Mbbecausehe contribution of each singular vector (ISV or rSV) to the data is
proportional to its corresponding singular value and the autdatiore of U or V matrix can
serve as a good measure of sigiwahoise ratio otthe singular vectordIn other words, the
contribution from the fifth singular vector and beyond becomes neglidgihis.judgment is
consistent with previous studida.this regard, the first four right singular vectors multiplied
by singular values were fit by six exponentials sharing common relaxation times, yielding the
relaxation times of 46@ 160 ps, 3.6 +0.7ns2N 25 ns, 1.4 N 0.2 ¢s,
0.2 ms To verify the validity of ugg six exponentials, walso tried fitting the datasing
exponential§ewer or morethan sixas showrin Figure S5 Thefit clearly deviates from the
data when we usefive exponentials, andhe data areoverfited when we use seven

exponentialsThereforeijt is valid to usesix exponentials fofitting the data.
4.2. Kinetic analysis

Using the first four singular vectors of significant singular values obtained from the SVD
analysisof the experimental datave performed kinetic analysis. New matricé Vg and

S§ can be defined by removing neignificant components frord, V, andS, respectively.

In other wordsPJois anng x 4 matrix containing only the first four left singular vectorsbf

So6is a4 x 4 diagonal matrix containing the first four singular value$candVois ann; x 4
matrix containing the first four right singular vectors\af Here wedefine a matrixC, of
which the columnsrepresent tim&ependent concentrations of transiently formed

intermediate specieandcan bedescribedoy a candidatekinetic model(for example one of
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the kinetic modelshown in Figure S6)Then, the matriXC can be related t¥0by using a
parameter matri that satisfied/6= CP. In our analysisC is ann; x 4 matrix containing the
time-dependent concentrations of four intermediates of BIbQ, D, andS), whereB is
presumablyMb with CO still in the primary docking site; and D are presumablythe
intermediate states where the CO is locateXed site andXel site, respectivelyand S
means the Mb with free CO (in other wor@® has completely escaped to the solvent.), and
P is a4 x 4 matrix containing coefficients for the tintependent concentrations so that the
linear combination of concentrations of the four intermediates can form the four right
singular vectors iVa OnceC is expressed using set of variabl&inetic parameterbased

on a candidate kinetic modeP and C can be optimized by minimizing the discrepancy
betweenVo (from the experimentand CP (from the kinetictheory). We perfornmed this
optimization for eachof the candidate models shown in Figusé and compared the
minimized discrepancies of all the kinetic models (sg€ values listed in Table S1) to
determine the optimum kinetic model ttest fitsthe experimeratl data

However, standard deviations fgbare not available from the experimental data and
thus we instead used the following method to optirfzedC. SinceVo= CP, the following

relationships hold
Ab= UsBVE = UsBHCP)" = ussaP'C’ = (UssaP)CT (1)

where AG is an ng x n; matrix that contains the theoretical difference scattering eurv

DS;.0n( G, 1) at giveng andt values.Theoretical difference scattering curwesculatedby

using Egn. (1) were compared with the experimental difference scattering curves, and the

matrix P and C were optimized by minimizing the discrepan(guantified byfreducea chi-
square c,.,’) between the theoretical and experimental difference scattering curves using

the Minuitpackage”

2 _é 1 nt--;a"nDSexp(qi F) - @eory( G ]t) 2¢
Cred EL gl]%@ s, E 2

whereN is the number of data poinémdn is the number of fitting parametersDS,, (q, {)
and DS,,,(q, t) are the experimental and theoretical difference scattamntegsitiesat a

given point of (g,t;), respectively, ands; is the experimental standard deviation(a;).
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From Egn. (1), we can define a matBxasE = U&E', that is, a linear combination of the
four left singular vectors iJ6 weighted by their singular values B with their ratios
determined byP. Then, the matriE, ann; x 4 matrix, contains the foutifferencescattering
curves directly associated with the four intermediate species of Mivefore, by optimizing
the matrice$® andC, we obtain both the timdependent concentrationseé theoptimizedC
for the optimum kinetic model in Figure 3b in the main jeand the (timendependent)
scattering curves of the intermediate specsee (he optimized E for the bestfit kinetic

model in Figure S7.

5. Comparison with previousstudies using timeresolved X-ray solution scattering

We can compare the present work with previous studies on MbCO performed using time
resolved Xray solutionscattering(refs. 51 7 in themain texj as shown in Table S2. Ref. 5

(Ahn et al) characterized the solution structure of a transient intermediate species (formed on
nanosecond time scale after CO photolysfswild-type sperm whale MbCO by applying the
rigid-body molecular dynamics (MD) simulation to nanoseconrthy solution scattering

data measured at a single time point (10 ns). Therefore, ref. 5 does not contain any
information on the kinetics of strugtal transition of MbCO. Ref. 6 (Kiret al) investigated

structural dynamics of wii y pe fihorse hearto (instead of s
range from 100 ps to 1 ¢s ndonlyiabkimpteweaguential me pc
model was considered in the kinetic analysis. In contrast, our present work investigates the
structural dynamics of willype sperm whale MbCO in a wider time range (100 @8 ms)

using the data measured at twice more timeatpdfour time points per decade) than in ref. 6.
Furthermore, in our present work, we applied the kinetic analysis considering all the plausible
candidate models based on the SVD analyses in two different time ranges so that we can
determine the optimumitketic model with much higher fidelity. Ref. 7 (Cled al) studied

the structural dynamics of witype sperm whale MbCO in the time range from 100 ps to 10

ms with four time points per decade, and therei®exjuivalent to our present work in terms

of experimental technique, sample, time range, and number of time points. However, the key
difference between ref. 7 and our present work is that ref. 7 used only a sequential kinetic
model that involves geminat@O recombination on microsecond time scale but no biphasic

transition. In fact, the kinetic model employed in ref. 7 is identical to one of the candidate



models (modelr) examined in this work (see Figure S6). However, all the evidences
presented in this ark demonstrate that models not an optimum model. First of all, model

r gives the second largestvalue among a total of eighteen candidate models. Also, model

has three intermediates in the time range up to 3.16 ns and therefore is not consistent with the

result of our SVD analysithatsuggests the existence of two intermediates in that time range.



Table S1.Reduced chsquare valuesd ,”) obtained from the kinetic analysis usingrious

modelsas shown in Figur86.

Model a b c d e f
C‘red2 1.72 1.66 1.54 1.72 1.58 1.68
Model g h [ j k I
C‘red2 1.64 1.60 1.68 1.64 1.92 1.68
Model m n 0 p q r
C‘red2 1.62 1.84 1.72 1.66 1.64 1.84
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Table S2.Comparison with previous studies usimge-resolved Xray solution scattering

Ahn et al.? Kim et al.” Choetal.” This work
Sample wild-type swMCO 9 | wild-type hhMECO® | wild-type swMECO? | wild-type swMHCO 9
Time resolution 10 ns 100 ps 100 ps 100 ps
Time range 10 ns only 100psil €s 100 psi 10 ms 100 psi 10 ms
Number of time 2 time points per 4 time points per 4 time points per
. 10 ns only
points decade decade decade
Number of B 1 1 18

candidate models

Optimum kinetic
model

sequential model

modelr in Figure S6

modelc in Figure S6

) Ref. 50f the main text

b) Ref. 6 of the main text

° Ref. 7 of the main text

9 swMbCOstands fosperm whale MbCO

® hhMbCOstands fohorse heart MbCO
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Figure S1. Time-resolved Xray solutionscattering data of MbC@ontaining solvent heating
at all the time delays.
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AS (g, 10 ms)

Water thermal heating

0.5 1.0 1.5 2.0
q (A1)

Figure S2. The scattering data at 10 riise delay(black). At this time delay, the signal at

low g values (< 1.0A™) is very smal] indicating that the contribution frortransiently
generated species is negligible. Difference curve at 10 ms can be represented by a sum of
contributions from thermal heating of bulk water (red), that is,t¢éin@perature change at
constant density(Q &)/O J;) and the density change at constant temperg{@&j)/O )q).

This observation confirms that the difference signals at late time delays raasgyfrom

solvent heating.
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Figure S3. Heatfree, timeresolved Xray solution scattering data of MbCO at all the time
delays.
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Figure $4. (a) Singular valuegS, black solid squares)utocorrelations of left singular
vectors C(U), red open squask and autocorrelations ofight singularvectors C(V), red
solid squars) obtained from timeaesolved Xray solution scattering data of MbCO®he
contribution of each singular vector (ISV or rSV) to the data is proportional to its
corresponding singular value. Meanwhile, the autocorrelationafWmatrix can serve as a
good measure of signéd-noise ratio of the singular vectordudging by the amplitudeof

the singular values and the autocorrelations, we employed the fir$Eiaiand rSVdor our
kinetic analysis(b) The first sixleft singular vectors(c) The first sixright singular vectors
multiplied by singular valuegd) The first four right singular vectors multiplied by singular

values were fit by six exponentials sharing common relaxation times,ngetloe relaxation
times of460+ 160 ps, 3.6 +0.7ns2N 25 n's

indicated by the verticalottedlines.
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Figure S5. In order to verify the validity of using six exponentials for the hg first four

right singular vectorgrSVs) multiplied by singular values were fit by (a) five exponentials,

(b) six exponentials, (c) and seven exponentials sharing common relaxation Timees.
vertical dotted lines indicate the time constants of the used exponefitiedscomplete fit
parameters are listed in the table at the bottom. Wireensefive exponentialsas shown in

(a), the fit quality of each rSV componei clearly worsehan when using six exponentials
even for the most dominafitst rSV componentWhen we use seven exponentials, the fit
quality does not improve much for any rSV componeotnpared with when using six
exponentials Although we can see sonmaprovementof the fit quality for the second rSV

(red points), two (of the seven) exponentialsenaimilar time constantg{and 7s) to each
otherand their errors are extremely large. Based on this observation, we consider that the data
areoverfitted by seven exponentials. Thus, we conclude that it is valid to use six exponentials
for fitting the data.
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